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Ambient Vibration and Earthquake StrongIntroduction
The objective of this report is to present background information for a study comparing the dynamic characteristics of thirteen buildings obtained using strong-motion and ambient vibration records. Ambient vibration testing is an attractive method of measuring the dynamic characteristics of real buildings, since it does not disrupt building occupants and the necessary equipment is small, light, and very portable. However, because of the low amplitude range of the ambient vibration (10 -5 g), dynamic characteristics obtained from ambient vibration should be different from those obtained from strong-motion (>0.1 g) records due to non-linear effects (Çelebi 1993, Çelebi 1998 ).
The strong motion records were provided by the U.S. Geological Survey (USGS) National Strong-Motion Program (NSMP). At least one strong-motion record is available and has been processed for each building, and as many as sixteen seismic records are available for some buildings. Ambient vibration records were collected using velocimeters (velocity transducers). In order to test the efficiency of the ambient vibration for defining the dynamic parameters of structure, a set of three permanently instrumented buildings has been monitored using ambient vibration.
This report describes (1) the 13 buildings with their permanent instrumentation and locations where ambient data was recorded, (2) the ambient vibration testing, and (3) a description of the strong-motion data sets available for each building. This report contains background information only; no results are presented.
Building Descriptions
The buildings selected for this study meet three criteria: (1) they are located in either the greater Los Angeles or San Francisco Bay areas; (2) they are extensively instrumented by the USGS; and (3) they have been strongly shaken by earthquakes with peak ground accelerations in excess of 10% of the acceleration of gravity. Study buildings are listed in Table 1 . The former Great Western Savings building, now adorned with a large "Powerbar" sign and accordingly dubbed the Powerbar building, was constructed in 1969. The fourteen-story building, shown in Figure 5 , was constructed using an proprietary lift-slab structural system, with floors poured at the base of two concrete towers and then jacked into place. Due to the building's proximity to the Hayward Fault (1.5 km), it underwent a limited-scope, voluntary retrofit in 2000 described in Mar et al. (2000) following a vulnerability assessment. The building's current instrumentation scheme and ambient vibration measurement locations are shown in Figure 6 . The instrumentation configuration differs slightly from that in place at the time of the 1989 Loma Prieta earthquake. Channels 10 and 11 were removed from service during a recent asbestos abatement program and have yet to be reinstalled. Figure 7 , now forms the 'backbone' of the hospital's nine irregular, interconnected buildings, which are laid out roughly in a delta-wing shape. The lateral force-resisting system consists of nonductile reinforced concrete frames and walls. A remodel and seismic upgrade were performed in 1988-89 before the M6.9 1989 Loma Prieta earthquake. The instrumentation and ambient vibration measurement locations are shown in Figure 8 . Permanent instrumentation at the time of the Loma Prieta earthquake consisted of two tri-axial analog accelerographs, which have recently been replaced by tri-axial digital instruments. The seven-story Livermore VA Hospital, shown in Figure 9 , was constructed between 1947 and 1955. The building is T-shaped and has a lateral force-resisting system consisting of reinforced concrete walls and framing. The building has had some seismic strengthening, also with reinforced concrete, but the extent is presently unknown. The instrumentation and ambient vibration measurement locations are shown in Figure 10 . These analog instruments recorded the 1989 Loma Prieta earthquake and several smaller local events. The Transamerica Pyramid, shown in Figure 11 , has been one of the tallest and most recognizable of San Francisco's buildings since its construction in 1972. The building has 48 stories above ground, plus a spire, which brings its total height to over 850 feet. Its lateral force-resisting system consists of steel moment frames which slowly step back to accommodate the sloped exterior walls. The building is extensively instrumented as shown in Figure 12 , and its instruments recorded the 1989 Loma Prieta earthquake. The building's accelerometers are now connected to a real-time monitoring system which streams data to a limited number of clients via secure internet connection. Ambient vibration data was acquired using this real-time system; no ambient velocity data was taken. The thirty-story Pacific Park Plaza building in Emeryville, shown in Figure 13 , was constructed in 1984. The lateral force resisting system is a ductile concrete moment-resisting frame. The building has a delta wing plan (i.e. three wings equidistant at 120 degrees) and several re-entrant corners at the wing ends. There is a thin layer of young Bay Mud underlying the site. The building was extensively instrumented by the USGS with sensors configured as shown in Figure 14 . The structural array is complemented by free-field and downhole instruments. The structural array and free-field instruments recorded the 1989 Loma Prieta earthquake on analog recorders, but all recorders at the site have since been replaced with digital ones. The Long Beach VA Hospital, shown in Figure 15 , is an 11-story non-ductile concrete structure constructed in the 1960s. The building was damaged in the M6.7 1994 Northridge earthquake and subsequently retrofitted with base isolation. The building's instrumentation scheme both before and after the retrofit are shown in Figure 16 . The preretrofit scheme consisted of tri-axial analog instruments, which were replaced with a modern digital structural array following the retrofit. Several significant earthquakes were recorded prior to the retrofit, but no sizable earthquakes have been recorded since. Ambient vibration data was acquired using the permanent instrumentation system; no ambient velocity data was taken. The Loma Linda Veterans Administration hospital, shown in Figure 17 , is a very large building which was constructed in the late 1970s. The structure has many reentrant corners, though no setbacks. The lateral forceresisting system consists of reinforced concrete shear walls. The building is situated in the vicinity of the San Jacinto fault zone. The building's current instrumentation configuration is shown in Figure 18 . Currently, only the digital tri-axial instrument in the basement is being maintained, but this situation may improve soon. A number of earthquakes have been recorded by the analog structural array in the building, and a moderately sized strong-motion data set is available. The former Bechtel office building at 12440 Imperial Highway in Norwalk is now occupied by a number of local and federal law enforcement agencies. A current photograph of the building is not available. The building is a 7-story steel moment-framed structure constructed in the early 1980's. The building has an unusually high aspect ratio (>3:1) in plan, but no significant vertical or plan irregularities. The building is extensively instrumented with sensors in the configuration shown in Figure 19 . The analog structural array has recorded a number of Southern California earthquakes, including the 1987 Whittier Narrows and 1994 Northridge quakes. 
Station 5245 -San Bernardino County Services Building
North Arrowhead Avenue, San Bernardino
The five-story San Bernardino County Services Building was constructed in 1984. The building's structural system is a dual system with steel moment-resisting frames in the N-S direction and steel concentrically braced frames in the E-W direction. As shown in Figure 20 , the building's geometry is basically L-shaped but very irregular, with numerous setbacks and re-entrant corners. Instrumentation consists of a 12-channel structural array and a separate tri-axial instrument in a basement mechanical room on the building's south side. Analog recorders were installed in 1987, and upgraded to digital recorders in 2002. 
Station 5281-Brinderson Towers #2
19900 MacArthur Boulevard, Irvine
The 13-story Brinderson Towers are two nominally identical buildings which were constructed in the period from 1988 to 1992. The lateral force-resisting system of both buildings is a dual steel moment frame / eccentrically braced frame system. Both buildings have a notch in one corner at the base, as shown in Figure 22 . The buildings are very regular otherwise. Tower 2 was instrumented with a 12-channel structural array in 1990 by the USGS. Several earthquakes, including the 1992 Landers and 1994 Northridge earthquakes, have been recorded by the structural array, and a small strong-motion data set is available. 
Station 5407 -Millikan Library
California Institute of Technology campus, Pasadena
Caltech's nine-story Millikan Library, shown in Figure 24 , is one of the most extensively-studied buildings in the world. The building was constructed in 1966-67, and has recorded the building's response to a large number of earthquakes. An eccentric mass shaker is located on the roof, and numerous forced-vibration experiments have been conducted. The building's lateral force-resisting system consists of reinforced concrete shear walls in both directions. Early instrumentation consisted of tri-axial analog accelerometers at the basement and roof. The instrumentation was subsequently upgraded to the digital scheme shown in Figure 25 , and there are now instruments on every floor, which are connected to both standard digital recorders and a web-based real-time monitoring system. 
Ambient vibration testing Equipment
The ambient vibration tests carried out on each building were performed with vibration measurement equipment comprising two CityShark TM* acquisition systems, each connected to one velocimeter (velocity transducer) as shown in Figure 26 . The CityShark TM* system was developed for specifically for ambient vibration measurements (Chatelain et al. 2000) . The analog/digital conversion processor is 24-bit. The sampling frequency can be chosen from five values between 50 samples per second (sps) and 250 sps. The gain can be set between 1 and 16384. The duration of recording can be set at any value between 1 and 60 minutes. This system is portable with its own battery and does not need a PC to run. The data are stored on a flashcard. The velocimeters are Lennartz LE-3D * with 3 components and a weight of 1.8 Kg. The natural (eigen) frequency is 1 Hz and the upper corner frequency is more than 80 Hz. 
Procedure
The following testing procedure was adopted was to obtain data suitable for computing the transfer function of the buildings. Ambient vibrations were recorded at the top and at the bottom of each tested building using the velocimeter test setup described in the previous section. These records were generally not taken simultaneously, but typically either overlapped or were taken consecutively. The velocimeters were located as close as possible to a permanent accelerometer. The records were 30 minutes long with a sampling frequency of 200 Hz. The gain was adjusted to obtain the best amplified record on the horizontal component without clipping.
In the case of the Transamerica Pyramid and the Long Beach VA Hospital, on-site ambient vibration testing using velocimeters was not performed due to logistical constraints. Ambient data for these buildings were obtained from accelerometers in the permanent structural arrays, and were obtained simultaneously at all channels. In addition, ambient vibrations were recorded on both velocimeters and permanent accelerometers for comparison purposes at three buildings with different structural systems.
* Use of trade, firm, or product names does not imply endorsement by the U.S. Government or the authors.
Data
The locations and orientations of the velocimeters are summarized in Table 2 . The indicated orientation is the local north azimuth for the velocimeter. The last column shows whether or not ambient vibrations were recorded using the permanent accelerometers in the structural array. Data listed in the table are available from the USGS National Strong Motion Program (NSMP) website (http://nsmp.wr.usgs.gov).
The CityShark * files are made of a header with record information, followed by three columns corresponding to the vertical, local north and local east components of the ambient motion. The units of theses columns are counts and the conversion procedure is: To obtain Volts : multiply by 2500000.0/32767.0 and divide by the Gain (see header) To obtain 10 -6 m/s : divide the volts by 400.0 for the velocimeter Lennartz LE-3D * 
Earthquake strong-motion data
Recorded strong-motion data available at the time of publication are listed by building in Table 3 . Data currently being processed, which will be available soon, are listed in 
